Background/objectives: In economically developed settings, household income is usually inversely associated with child and adolescent adiposity, but this association may not extend to migrants. Hong Kong is a unique developed setting to study how household income and adolescent adiposity vary by migrant status given many Hong Kong-born Chinese children were born to parents who migrated from neighboring provinces of Mainland China. Subjects/methods: We examined differences between the associations of absolute household income vs. relative household income on adolescent body mass index (BMI) z-score or overweight (including obesity) status using a linear or logistic model in a Chinese birth cohort (n = 5613, 68% follow-up). We focused on whether the associations differed by mother's or father's migrant status (birthplace). Results: No association was found between absolute household income and BMI z-score among adolescents with either native or migrant mothers. However, the association of relative household income with BMI z-score varied by mother's migrant status (P-values for interaction <0.0005). In adolescents of native born mothers, greater relative household income deprivation was associated with higher BMI z-score (0.03 z-score per USD 128 difference in Yitzhaki index, 95% confidence interval (CI) 0.01 to 0.05). However, in adolescents of migrant mothers, greater relative household income deprivation was associated with lower BMI z-score (−0.05, 95% CI −0.09 to −0.01). Similar association of relative household income with overweight (including obesity) status was found in adolescents of native born mothers but not in adolescents of migrant mothers. Conclusions: Relative income (mediated by social comparisons with others in society) appears to be relevant to adolescent adiposity, but the association depends on the interplay between individual characteristics (migrant background) and societal context.
Introduction
The nutrition transition is associated with a reversal in the social patterning of child and adolescent adiposity with economic development [1] . In economically less developed countries, lower household income is associated with undernutrition, while higher incomes are associated with greater prevalence of child and adolescent adiposity [2, 3] . This pattern becomes more mixed with a rise in living standards [4, 5] . In economically developed countries, such as the United Kingdom, a mixed social pattern prior to the late 1980s [2] has shifted to a largely inverse association of household income with child and adolescent adiposity since the 1990s [6] . However, even within affluent countries, such as the United States, a positive association between income and adiposity can be still observed in minority ethnic groups [7] and among immigrants of lower socioeconomic position [8] .
Decomposing income into absolute (income per se) or relative (social comparisons of income) at household level may provide insights into how income affects adiposity [9] . Absolute household income confers the ability to purchase and access material resources, such that poor households in any neighborhood are likely affected. Food expenditure composes a larger income share in poor households [10] and lower-priced, calorie-dense and nutrient-low food that is more filling encourages unhealthy diet in low-income children [11] . They also participate less in organized physical activity [12] and underutilize preventive health services [13] . Relative household income refers to a lack of resources compared with others [14] . A relatively poor household may not be deprived in any absolute sense (e.g., lacking the ability to afford food, shelter, clothing), but they may be deprived in the sense of not being able to participate fully in the norms and lifestyles set by the middle class. For example, an adolescent growing up in a relatively poor household may own a pair of shoes, but they might not be the "right" type to participate in certain sports activities, such as basketball. Relative deprivation can also increase stress and frustration through upward social comparisons [15] . Psychosocial stress may in turn increase appetite [16] , encourage stress-coping behaviors like overeating, or trigger anxiety and depression, resulting in adiposity [17] .
Taken together, the inconsistent associations of household income with child and adolescent adiposity across countries highlights the importance of family experience of socioeconomic conditions in child and adolescent adiposity. Economic growth does not benefit all families equally. With varying levels of economic development between countries (developed or developing), families with higher income have more material and symbolic resources (conferred by absolute and relative income) to keep their child's weight within cultural and societal norms. As such, children from higher income families might have lower weight if adiposity is a concern, or higher weight if under-nutrition is a concern. Given adiposity is shaped by socio-cultural norms, children from migrant families might be more or less prone to adiposity than those from native families even within countries and income levels depending on the norms in their countries of origin. Hence, the role of absolute and relative income in child and adolescent adiposity may vary by level of economic development and migrant status.
To date, the relative contribution of absolute and relative income to adolescent adiposity has not been systematically studied, but is important to distinguish for the design of interventions [18] . If only absolute income matters, increasing income by the same amount for every household (e.g., providing universal basic income) would be relevant. If only relative income matters, reducing income inequality or promoting intragenerational relative income mobility would be more relevant. If both absolute and relative income matter, then increasing income, reducing income inequality and promoting intragenerational relative income mobility would all be relevant to tackling adolescent adiposity. Relative income may be particularly relevant in economically developed settings with widening gaps in income. Hong Kong society is a unique "natural laboratory" to disentangle the contributions of absolute and relative income to adolescent adiposity. The Hong Kong population was mainly formed in the mid-20th century by an influx of young workers from neighboring provinces such as Guangdong after the World War II [19] . Hence, Hong Kong-born Chinese children are mainly the second-(native born children born to at least one migrant parent) or thirdgeneration (native born and both parents native born) migrants. Many second-or third-generation Hong Kongborn Chinese children have enjoyed a standard of living that is comparable to developed Western countries for their entire lives. By contrast, their parents may have experienced very different economic circumstances; migrant parents were born into and grew up in very limited conditions in Mainland China. Second generation migrant Chinese families might be "relatively deprived" in Hong Kong, but their economic circumstances might still be an improvement compared to their previous standard of living. The psychological burden (and health impact) of relative deprivation might be quite different for native-born compared to migrant families. We therefore examined the associations of absolute and relative household income with adolescent adiposity, and whether the associations varied by parental migrant status using a Chinese birth cohort in Hong Kong.
Materials and methods

Data source
Hong Kong's "Children of 1997" birth cohort is a population representative Chinese birth cohort (n = 8327) that covered 88.0% of all births in Hong Kong from 1 April 1997 to 31 May 1997, described in detail elsewhere [20] . The study was initially established to investigate the effect of second-hand smoke exposure on infant health. Families were recruited at the first postnatal visit to any of the 49 Maternal and Child Health Centers in Hong Kong, which parents of all newborns are strongly encouraged to attend for free vaccinations and well-baby checks. Characteristics obtained using a self-administered questionnaire in Chinese at recruitment and subsequent routine visits include maternal and birth characteristics and parental education. Monthly household income and household size was also reported. Passive follow-up via record linkage was instituted in 2005 to obtain routinely collected information including annual measurements of weight and height (grade 1 (age 6-7 years) onwards) from the Student Health Service, Department of Health, which provides free annual check-ups for all school students (n = 7809, 94% successful matching). At the Student Health Service, height without shoes was measured by stadiometer to the nearest 0.1 cm and weight without shoes and outer clothing was measured by digital scale to the nearest 0.1 kg. Parental migrant status was based on a postal survey (Survey I) in 2008-2009 and a postal survey (Survey III) with telephone follow-up in 2011-2012, supplemented by parental residency status based on parental age, year of parental migration to Hong Kong and residency eligibility (mothers or fathers who were not residents of Hong Kong, or who were residents but were not born in Hong Kong or who reported migration to Hong Kong were classified as migrants) from the baseline questionnaire in 1997.
Exposures
Absolute income
Absolute household income was equivalized by dividing the monthly household income by the square root of household size [21] , consistent with a previous study in this birth cohort [22] .
Relative income
Relative household income was assessed by two measures -income deprivation and income rank. Relative household income deprivation was measured by the Yitzhaki index [23] which is the average difference in equivalized household income per head between the index household and every other household with a higher household income in the comparison group (in the birth cohort). Relative household income rank is the income distribution percentile divided by 100, based on equivalized household income per head, and ranges from 0 (for the child with the lowest income) to 1 (for the child with the highest income) [24] . As such relative household income deprivation includes rank and difference in income while relative household income rank only considers ranking. Distinguishing between income deprivation and rank has different implications for intervention [18] . If only deprivation matters, increasing household income would be relevant to adolescent adiposity, whereas if only rank matters, reducing intragenerational relative income inequality would be more relevant. If both deprivation and rank matter, increasing household income, reducing income inequality and promoting intragenerational relative income mobility would all be relevant to adolescent adiposity.
Outcomes
We considered age-and sex-specific BMI z-score (standard deviation) at age 13 years (using the closest measurement at 12-<15 years) relative to the 2007 World Health Organization growth references for 5-19 years [25] . We also defined adolescent overweight (including obesity) as a BMI for age and sex corresponding to an adult BMI of ≥25 kg/m 2 using the International Obesity Task Force cutoffs [26] . Due to the relatively small number of obese adolescents (n = 215; 3.8%), overweight adolescents here included those who were obese.
Statistical analysis
We examined the associations of absolute or relative household income with BMI z-scores and overweight (including obesity) using a linear or logistic model. We assessed whether the associations varied by mother's migrant status or father's migrant status and whether the associations for relative household income varied by absolute household income from the heterogeneity of effect across strata and the significance of interaction terms [27] . Since people tend to compare themselves to those with similar characteristics, as a sensitivity analysis, we examined the association of relative household income (deprivation or rank) defined by different comparison groups: residential neighborhood (tertiary planning units, which represent clustered geographical units created for town planning purpose in Hong Kong), mother's and father's migrant status, and parental education.
Since absolute income, relative income deprivation and relative income rank represent different aspects of income and may have independent roles in adolescent adiposity (BMI z-score or overweight (including obesity) status), we present five models. First, model 1 gives the unadjusted association of each of the three income measures (absolute household income, relative household income deprivation or relative household income rank) with each of the two measures of adolescent adiposity. Second, to distinguish the independent contribution of absolute income or relative income, model 2 gives the mutually adjusted associations of both absolute household income and relative household income deprivation with both measures of adolescent adiposity, while model 3 gives the mutually adjusted associations of both absolute household income and relative household income rank with both measures of adolescent adiposity. We considered deprivation and rank separately because they represent correlated yet distinct aspects of relative income. Third, to identify whether the role of absolute or relative income was independent of education (another key socioeconomic indicator) and other possible confounders, model 4 and model 5 are model 2 and model 3 additionally adjusted for mother's and father's age and migrant status, and highest parental education.
Complete information on BMI at~13 years and household income was available for 68%. We used multiple imputation with inverse probability weighting (IPW/MI) to recover the entire sample [28] . We first imputed any missing potential confounders (i.e., parent's age, migrant status and highest parental education), but not exposures (absolute or relative income) or outcomes (BMI z-score or overweight (including obesity) status), 20 times for respondents with income and BMI based on a flexible additive regression model with predictive mean matching [29] incorporating data on the outcomes, exposures, and covariates (sex, birth order, mode of delivery, second-hand smoke exposure, infant residency, parents' age, parents' migrant status, highest parental education, highest parental occupation, housing and interaction terms between income measures and parents' migrant status, as well as those between absolute and relative income measures) [30] . We predicted the probability of exclusion due to missing income or BMI based on these covariates to generate the IPW. We combined the results from 20 imputed dataset adjusted for the IPW into single estimates with confidence intervals to allow variability between imputations [28] . We also performed an available case analysis for comparison. Statistical analyses were performed using Stata version 12.1 (Stata Corp, College station, Texas, USA) and R version 3.0.1 (R Development Core Team, Vienna, Austria).
Ethics approval
The study obtained ethical approval from the University of Hong Kong-Hospital Authority Hong Kong West Cluster Joint Institutional Review Board. Informed consent for the original survey and subsequent record linkage and surveys was obtained from the parents, next of kin, caretakers or guardians (informants).
Results
Of the original 8327 recruited, as of January 2016, 29 had permanently withdrawn. Of the remaining 8298 adolescents, 2685 were excluded because of missing income or BMI. Among the 5613 included (68% follow-up), 97% had information on migrant status (mother (n = 5425) and father (n = 5456)). At~13 years mean BMI was 19.4 kg/m 2 in girls and 19.8 kg/m 2 in boys. One-fifth (15.6% of girls and 25.6% of boys) was overweight or obese. Parents with lower absolute household income were younger, less educated, and more often migrants from Mainland China or elsewhere ( Table 1) .
The associations of absolute and relative household income with BMI z-score varied by mother's migrant status (P-values for interaction < 0.0005), but not by father's migrant status (P > 0.46). The associations of relative household income with BMI z-score did not vary by absolute household income (P > 0.18). Table 2 shows that when each income measure was considered separately, greater relative household income deprivation (Yitzhaki index) 
Considered separately, lower absolute household income, greater relative household income deprivation (Yitzhaki index), or lower relative household income rank was each associated with overweight (including obesity) in adolescents of native born mothers (model 1). However, only greater relative household income deprivation or lower relative household income rank was associated with overweight (including obesity) when all income measures were considered together (models 2 and 3). The estimates of relative household income were attenuated by adjustment for mother's and father's age, father's migrant status, and parental education (models 4 and 5). Income measures were not associated with overweight (including obesity) in adolescents of migrant mothers.
The available case analysis (with listwise deletion of missing data) produced similar results (Appendix Table 1 ). In sensitivity analyses, the opposite associations of relative household income deprivation or rank defined by residential neighborhood or parents' migrant status with adolescent BMI z-score according to mother's migrant status were similarly found (Appendix Table 2 ).
Discussion
In a recent economically developed Chinese setting, relative household income (deprivation or rank) was associated with higher BMI z-score and overweight (including obesity) in adolescents of native born mothers, but with lower BMI zscore in adolescents with migrant mothers from Mainland China or elsewhere. Absolute household income was unrelated to adolescent adiposity. In adolescents of native born mothers, these associations were explained by adjustment for parental education but not in adolescents of migrant mothers.
Several limitations are noted. First, household income may have changed since birth. Relative household consumption or possessions or wealth could be a more direct measure, but is more difficult to measure and standardize. Second, relative household income deprivation or rank is inherently open to the uncertainty as regards the actual comparison group. We found similar associations using other comparison groups. Schoolmates or family members could be a more proximate comparison group, or native born adolescents with migrant mothers may compare themselves with migrant adolescents whose mothers did not migrate to Hong Kong, but we did not have such information. Finally, differential follow-up of BMI by household income and parental migrant status could bias the results, which is unlikely given the health check-up at the Student Health Service is free-of-charge. Information on parental migrant status was incomplete. We used IPW/MI to minimize inclusion bias due to missingness or attrition without any reduction in sample size. An available case analysis produced similar results.
Our finding of a lack of association between absolute income and adolescent BMI z-score differs from previous reports, mainly from the North America [31] [32] [33] . Hong Kong has highly accessible and affordable health care, free universal education, strong family ties and a social safety net, which might buffer the effect of income disparities between households and neighborhoods. Extensive, affordable public transport also facilitates common usage of societal infrastructure across districts.
To our knowledge, this is the first study distinguishing the role of absolute and relative household income in adolescent adiposity. As in developed countries [6] , higher Absolute equivalized household income in Hong Kong dollar (mean ± SD): $11,828 ± 17,078; relative income deprivation: $4840 ± 2416; relative income rank: 0.50 ± 0.29 a Absolute or relative household income was based on equalized monthly household income per head in Hong Kong dollar pegged at a rate of 7.8 dollar = 1 US dollar Table 2 Unadjusted and adjusted association Relative household income deprivation (per HKD 1000 or USD 128) 3452 absolute household income was associated with overweight (including obesity) in adolescents of native born mothers. However, the association became null after adjusting for other income measures, and was not observed in adolescents of migrant mothers, unlike the positive association in minorities [7] and migrants [8] . Conversely, relative household income (greater relative deprivation or lower relative rank) was associated with higher BMI z-score and overweight (including obesity) in adolescents of native born mothers, but with lower BMI z-score in adolescents of migrant mothers, with or without adjustment for absolute income, suggesting the underlying mechanism may extend beyond access to material resources. The associations were similar in both sexes as others have found [6] . No clear differences by father's migrant status suggest specific attributes of mothers may be relevant to the social patterning of child adiposity. Alternatively, adolescents are acutely aware of their social position [34] . A sense of relative deprivation or lower social position may trigger psychosocial stress [15] . The resultant hypothalamic-pituitary-adrenal axis upregulation [16] could stimulate appetite, trigger stress-coping behaviors, or induce anxiety or depression, and thus promote child and adolescent adiposity [17] . Nonetheless, food availability constrains the stress-induced overeating tendency. Food would be more available to adolescents from families with native born mothers, which generally have higher income than families with migrant mothers [35] , consistent with our finding for absolute income only in adolescents of native born mothers. Equally possible, adolescents with migrant mothers might be more resilient to stress than those with native born mothers, perhaps because they have better living conditions than their relatives living in other developing regions in China [36] . Our previous study found adolescents with migrant parents had better child and adolescent behavior than and similar selfesteem as those with native born parents [37] . Furthermore, in Hong Kong, young adults with migrant parents are more upwardly mobile than those with native born parents, as indicated by their greater intergenerational educational mobility [38] , which has been associated with lower adult adiposity in the West [39] .
Maternal attitudes about body weight may also play a role. Mothers as the main caregivers may affect their child's BMI more than fathers via attitudes and practice of a healthy diet and lifestyle [40] . Hong Kong women generally perceive slimness as ideal, a social norm which has been evident since 1970s [41] . More educated women had lower BMI in Hong Kong in the mid-1990s [42] , whereas an inverse association was observed in Mainland China about a decade later [43] . Differences in the association for relative household income could perhaps be explained by the different social patterning of BMI by mother's migrant status. Overweight (including obesity) was defined using the International Obesity Task Force cutoffs as equivalent to an adult BMI of 25 or more; Obesity was defined as equivalent to an adult BMI of Associations for relative household income were not independent of parental education in adolescents of native born mothers, but were not relevant in adolescents of migrant mothers. Parental education may be more precisely measured than household income, but it is unclear why it only makes a difference for native born mothers. Parental education may be less predictive of household income for families with migrant mothers because education from Mainland China may not be equally as well accepted as that from Hong Kong [44] . Alternatively, parental education may be a more salient reflection of living conditions, encompassing material resources, child lifestyle, health literacy, cultural competence or intergenerational experiences [18, 45] . More educated Chinese parents seemed to have better family cohesion and parent-child relationship, independent of family income [46] , and closer family bonds could buffer psychological distress [47] . Our previous study showed an inverse association of education with child BMI in children with native born mothers while a positive association in children with migrant mothers [48] , consistent with our results on income. Parental education could be another key driver of child BMI, independent of relative income or social rank, among adolescents of native born mothers, whereas education and relative income may represent different attributes of living conditions among adolescents of migrant mothers. As such, effective interventions for child and adolescent adiposity require context-specific consideration of the interplay between migrant background and societal factors. In this study, relative income, but not absolute income, was relevant to adolescent adiposity, with adolescents from more deprived families and/or with migrant mothers more prone to adiposity regardless of parental education. This highlights that addressing relative income by reducing income inequality and promoting intragenerational relative income mobility could contribute to mitigating adolescent adiposity, but changes in socio-cultural norms concerning adiposity are required for adolescents born to migrant mothers in Hong Kong as adiposity may be viewed as desirable in these families.
Conclusion
Relative household income was associated with adolescent BMI z-score and overweight (including obesity), independent of absolute household income, but the direction varied by mother's migrant status, highlighting the interplay between migrant background and socio-cultural factors when considering the health impact of relative income (mediated by social comparison with others) in an economically developed society with ethnically homogeneous migrant population. Disentangling the relative importance of specific aspects of socioeconomic position, and how these factors may interact would help inform effective interventions for tackling the adolescent obesity epidemic.
